Introduction
The mammalian y-aminobutyric acid type A (GABAJ receptor is a chloride ion channel that opens to at least four different conductance levels (Bormann et al., 1987 ). The 27 pS conductance level accounts for approximately 90% of the current carried through the channel and thus has been referred to as the main conductance state (Hamill et al., 1983; Macdonald et al., 1989) . The exact structure of the GABAA receptor has not yet been determined; however, cDNA cloning of the CNS receptor from several mammalian species has shown that it may contain multiple a, 8, y, and 8 subunits (Schofield et al., 1987; Khrestchatisky et al., 1989; Lolait et al., 1989; Pritchett et al., 1989; Shivers et al., 1989; Ymer et al., 1989; Liiddens et al., 1990) .
Several recent reports have suggested a role for CAMP-dependent protein kinase (PKA) in the modulation of the GABAA receptor.
First, the cloning and sequencing of the receptor have shown that the 8 subunitcontainsaconsensussequenceforphosphorylation by PKA (Schofield et al., 1987) . The proposed structure of the receptor places this sequence on an intracellular domain of the 8 subunit, consistent with a location at which PKA could act. Second, CAMP analogs and the adenylate cyclase activator forskolin decreased GABA-gated chloride flux in synaptosomes (Heuschneider and Schwartz, 1989; Jalilian Tehrani et al., 1989) . In electrophysiological studies, these compounds reduced the peak current evoked by GABA and increased the rate of decay of the current in cultured cortical (Jalilian Tehrani et al., 1989) and hippocampal neurons (Harrison and Lambert, 1989a, 1989b) . Finally, the direct phosphorylation by PKA of the 8 subunit isolated from porcine (Kirkness et al., 1989) and rat (Browning et al., 1990) brain has been demonstrated.
Phosphorylation of the nicotinic acetylcholine recep tor (nAChR), another ligand-gated ion channel, has been well characterized and shown to play a major role in the regulation of this receptor (Miles and Huganir, 1988) . Specifically, phosphorylation of the nAChR by avarietyof protein kinases increases the rateof desensitization of this receptor.
In view of the important role of phosphorylation on the nAChR, we undertook the following electrophysiological studies to determine the direct effects of PKA on the GABAA receptor.
Results

PKA Reduced GABA-Evoked
Whole-Cell Currents in Cultured Mouse Spinal Neurons In whole-cell recordings, application of GABA (5 wM) to the soma of a spinal cord neuron reproducibly evoked an inward chloride current and an associated increase in membrane conductance (Figure la) . After the initial increase in current and membrane conductance, the GABA-evoked response typically declined over time. All n'eurons tested were sensitive to GABA (n = 19). In cells in which PKA (50 pg/ml) was included in the internal pipette solution, the peak current was significantly reduced by 60% (Table I ). The effect of PKA was detected upon the first application of GABA to neurons. This was within l-2 min of giga-seal formation and patch rupture for the whole-cell recording mode. In contrast to the control group in which all cells tested were sensitive to GABA, no GABA-evoked current was detected in 14 of 35 PKA cells tested. An example of a neuron in which the GABA-evoked inward current and increase in membraneconductance were completely blocked by PKA& shown in Figure  lb . In the presence of a lower concentration of PKA (20 t.tg/ml), the peak current evoked by GABA was reduced by43%,suggestingaconcentration-dependent effect of PKA ( ing pipette, 150 mM KCI was applied to all PKA cells following application of GABA. KCI evoked an inward current and an increase in membrane conductance, suggesting that the observed reduction in GABAevoked current in the presence of PKA was not due to technical difficulties of recording. We next tested the specificity of PKA by including heat-inactivated catalytic subunit in the internal pipette solution. The GABA-evoked current and increase in membrane conductance were not reduced in these cells ( Figure Ic ; Table 1 ). We further examined the issue of nonspecificity of the kinase effect by substituting an equivalent amount of bovine serum albumin (50 pg/mI) for PKA in the internal pipette solution. The peak GABA-evoked current in neurons injected with bovine serum albumin was 1725 f 290 pA (n = 6; P > 0.05) and was not reduced when compared with control neurons (see Table 1 ). These results suggested that PKA may reduce GABA-evoked currents in spinal cord neurons by a specific mechanism of action.
PKA Reduced GABA-Evoked Single-Channel Currents The effects of PKA (50 ug/ml) on single-channel GABAA receptor currents also were examined in excised outside-out membrane patches. In the absence of GABA, only occasional, brief spontaneous openings were observed ( Figure 2a ). In control patches (approximately 80% tested positive for GABA sensitivity), application of GABA evoked bursting inward chloride currents with two predominant conductance states ( Figure 2b ). The chord conductances were 27 pS and 19 pS and represented approximately 93% and 7% of the total open time, respectively. Multiple single-channel recordings were summed to produce an average ensemble current per application of GABA. The average current per patch as calculated from all conductance states was 0.89 pA (n = 9 patches; 43,707 openings) in the presence of 5 PM GABA. In patches in which PKA was included in the internal pipette solution, very few openings were observed (Figure 2c ) and the average GABA-evoked chloride current was reduced by 97% to 0.03 pA (n = 7 patches; 1,296 openings). A reduction in average current can result from a decrease in channel conductance, channel opening frequency, channel open time, or a combination of these factors. To determine the mechanism by which PKA reduced the total GABA-evoked current, we examined each of these parameters. The chord conductance of the main state channel wasunaffected byexposuretoPKA(27.5pSforcontrol versus 27.9 pS for kinase-exposed patches), suggesting that the decrease in total current observed was not due to a change in channel conductance.
Since the 27 pS channel was the dominant conductance state, kinetic analysis was performed only on this state. The frequency of channel opening in control patches in the presence of GABA was 24.8 f 9.4 openings per s (mean f SEM). In patches exposed to PKA, GABA-evoked channel openings were significantly reduced to 1~3 + 0.6 openings per s (P < 0.025, MannWhitney U-test). To obtain an accurate estimate of the mean open time, only patches that had few simultaneous channel openings were analyzed (Colquhoun and Hawkes, 1983) . In those patches, the mean channel open time of the 27 pS conductance state in the presence of GABA in control patches was 5.0 ms (11,898 openings) and 5.9 ms (1,296 openings) in PKA-exposed patches. Although the mean open time in PKA patches was slightly increased, this shift was not significant when examined on a per patch basis.
PKIP Prevented PKA Reduction of CABA-Evoked Single-Channel Currents We also determined the effects of a lower concentration of PKA (10 uglml), which more closely approximated physiological levels of this enzyme (Hofmann et al., 1977) . In addition, we examined the ability of the specific PKA inhibitor PKIP (Cheng et al., 1986) to prevent the effect of PKAon GABAA receptor currents. Figure 3a shows a typical response of a patch to application of 5 uM GABA. Bursting inward chloride currents were evoked, and the total average ensemble current evoked through all conductance states in this set of experiments was 0.39 pA (n = 17 patches). In patches in which the lower concentration of PKA was included in the pipette solution, fewer openings were once again observed (Figure 3b ) and the average GABA-evoked current was reduced by 74% to 0.10 pA (n = 16 patches). GABA-evoked current was not reduced, however, when the specific PKA inhibitor PKIP was included in the pipette solution with PKA ( Figure 3~ ). The average GABA-evoked current in patches exposed to PKA + PKIP was 0.32 pA (n = 13 patches).
Approximately 80% of control and PKA + PKIP patches were sensitive to GABA. However, only 55% of the patches treated with PKA alone showed typical responses to CABA; the remainder displayed either trace openings or no response. As in the previous experiment using a higher concentration of PKA, the chord conductance of the main state was unaffected by either PKAor PKIP. Table2 shows the GABAA receptor 27 pS main conductance state open and closed properties.
The mean channel open time was unaffected by treatment with either PKA or the combination of PKA + PKIP when examined on a per patch basis. The channel opening frequency was 15.9 f 2.6 openings per s in control patches and 18.3 f 3.1 openings per s in patches exposed to PKA + PKIP. The opening frequency was significantly reduced in PKA patches to5.7 f 1.6openings per s(P<O.Ol with respect to control and PKIP-treated patches by ANOVA and Newman-Keuls' test). Consistent with this reduction in channel opening frequency in PKA-treated patches, an increase in the mean closed time of the main conductance state also was observed ( In the presence of PKA, the GABA long closed time distribution was increased.
No difference in long closures between the control and PKA + PKIP groups was observed. Figure 4A ). For all treatments, the component 1 time constant ranged from 0.6 to 0.8 ms, with a mean of 0.7 f 0.1 ms (mean k SD). The component 2 time constant ranged from 2.8 to 3.4 ms, with a mean of 3.1 + 0.3 ms, and the component 3 time constant ranged from 8.0 to 8.9 ms, with a mean of 8.6 + 0.5 ms. the long closed time distribution for PKA was shifted to the right ( Figure 4C ). This increase in the long closed time distribution was due to an increase in the two longest time constants. No difference in the shortest time constant between the control, PKA, and PKA + PKIP groups was observed, and it ranged from 5.0 to 6.7 ms, with a mean of 5.9 + 0.9 ms. The means for the two longer time constants for the control and PKA + PKIP groups were 26.9 f 0.1 ms and 118.6 + 6.5 ms, respectively. In the presence of PKA, the intermediate and long time constants were 50.6 and 161.4 ms. This increase in the long closed time distribution in the presence of PKA is consistent with a decrease in channel opening frequency. It is possible that the maintenance of GABA-evoked currents by an ATP-dependent process is via an indirect mechanism or is due to an interaction with other reported GABAA receptor subunits or subunit variants. The y2 subunit contains a consensus sequence for potential phosphorylation by tyrosine kinases (Pritchett et al., 1989) , and a kinase activity of unknown identity is associated with the a subunit (Sweetnam et al., 1988) . Protein kinase C also may be involved in the modulation of the GABAA receptor. A fl subunit variant is preferentially phosphorylated by protein kinase C (Browning et al., 1990) , and activators of protein kinase C have been shown both to reduce (Sigel and Baur, 1988; Stelzer et al., 1988; Moran and Dascal, 1989) and to have no effect on GABA-evoked whole-cell currents (Harrison and Lambert, 1989a) .Additionalstudiesexaminingthedirecteffectsof protein kinase C on GABA currents are necessary to clarify these results. Nonetheless, the results from these studies indicate that the regulation of GABAA receptor activity by phosphorylation may be quite complex.
Discussion
Functional Importance of PKA Phosphorylation of CABAA Receptors It is unclear from the study presented here whether PKA actually blocks the activation of the GABAA receptor channel or whether it promotes a fast desensitization. Some analogy may be drawn between the present results and the well-documented studies demonstrating desensitization of the nAChR following phosphorylation (Huganir et al., 1986; Hopfield et al., 1988) . The GABAA receptor and the nAChR share similar membrane topology and some sequence similarity (Schofield et al., 1987) , and thus it is tempting to speculate that the physiological effects of PKA may be the same in both systems. The consequences of any alteration in the GABAergic system in the brain are likely to be important.
In view of GABA's role as the major inhibitory neurotransmitter in the brain, any reduction in receptor function, as demonstrated in the study presented here, may lead to increased neuronal excitability.
Experimental Procedures
Cell Culture Primary cell cultures were established from spinal cords of 12-to +&day-old murine fetuses as previously described (Ransom et al,, 1977) . Briefly, cells were mechanically dissociated in medium consisting of 80% minimum essential medium (MEM; GIBCO, Grand Island, NY), 10% fetal calf serum, 10% heat-inactivated horse serum, glucose (5.5 g/liter), and NaHCOJ (1.5 g/liter). The final suspension was plated on collagen-coated plates and.incubated (5% CO?, 95% air, 37°C) for 3 days prior to the first medium change. On day5 the medium was replaced with medium lacking the fetal calf serum (MEMIH) and containing 5-fluonQ'deoxyuridine (20 vg/ml final concentration), to prevent the proliferation of nonneuronal cells. 
